Copyright © 2017 Tech Science Press MCB, vol.14, no.3, pp.153-169, 2017

Mechanical Properties of Stem Cells from Different Sources
During Vascular Smooth Muscle Cell Differentiation

Ruikai Chen'® and Delphine Dean!”

Abstract: Vascular smooth muscle cells (VSMCs) play an important role in regulating
blood flow and pressure by contracting and relaxing in response to a variety of mechanical
stimuli. A fully differentiated and functional VSMC should have both the ability to
contract and relax in response to environmental stimuli. In addition, it should have the
proper mechanical properties to sustain the mechanically active vascular environment.
Stem cells can differentiate towards VSMC lineages and so could be used as a potential
treatment for vascular repair. However, few studies have assessed the time it takes for
stems cells to acquire similar mechanical property to native VSMCs during differentiation.
In our study, changes in the mechanical properties of differentiating bone marrow and
adipose-derived stem cells were determined by using atomic force microscopy indentation.
Overall, bone marrow derived stem cells achieved higher elastic moduli than adipose
tissue derived stem cell during differentiation. Immunofluorescence shows that both stem
cell types have increasing VSMC-specific markers over differentiation. While adipose-
derived stem cells were softer, they expressed slightly higher aSMA than the bone marrow
cells as investigated by RT-PCR. Further investigations are required to better determine
the appropriate mechanical environment for vascular smooth muscle differentiation.

Keywords: Vascular smooth muscle cell differentiation; Elastic modulus; Bone marrow
derived mesenchymal stem cell; Adipose derived stem cell; Immunofluorescence; AFM.

1 Introduction

Stem cell therapy has been under intensive research in recent years due to its potential in
regenerating tissue and treating injury. Vascular smooth muscle cell (VSMC), as one of
the crucial constituents in human vascular regeneration, can be derived from a variety of
stem cell sources including bone-marrow progenitor cells [Han, Liu, Swartz et al. (2010);
Rezai, Podor and McManus (2004)], skin-derived precursors [Ji, Kim, Kim et al. (2017);
Steinbach and Husain (2016)] and adipose stem cells [Park, Heo, Jeon et al. (2013)].
Although it is known that VSMC and stem cells both can undergo significant phenotype
shift in response to environment including mechanical stimuli [Beamish, He, Kottke-
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Marchant et al. (2010); Kanthilal and Darling (2014)], no comparison of mechanical
property change has been made between different stem cell sources during differentiation.
A better understanding of the mechanical property change during VSMC differentiation
will not only indicate the differentiation status the cell is undergoing but also guide us to
better design cell-cultured scaffold based on the optimal environment it requires during
differentiation.

Bone marrow-derived mesenchymal stem cells (BMSCs) have been shown to have the
capacity to differentiate towards a variety of cell types, including vascular smooth muscle
cell lineages [Kaveh, Ibrahim, Abu Bakar et al. (2011)], and thus, have shown great
potential in tissue repair application [Rezai, Podor and McManus (2004)]. Previous studies
showed a high similarity between native smooth muscle cell and mesenchymal stem cell
differentiated towards a vascular smooth muscle lineage, which include expression of
specific smooth muscle cell cytoskeleton protein during the differentiation of MSC
following SMC pathway [ Galmiche, Koteliansky, Briere et al. (1993)]. Mesenchymal stem
cells are also believed to stimulate angiogenesis in certain condition and are reported to
stabilize vascular structure when co-cultured with other cells. These features together with
their low immunogenicity make BMSCs a promising resource in vascular tissue repair
[Galmiche, Koteliansky, Briere et al. (1993); Au, Tam, Fukumura et al. (2008); Choong,
Hutmacher and Triffitt (2006)].

Adipose tissue derived stem cells (ADSCs) have a mesenchymal-like morphology and are
capable of differentiating to form different kinds of tissue-specific cells [Zuk, Zhu, Mizuno
et al. (2001)]. Some groups have hypothesized that ADSCs may not be inherent to adipose
tissue and that they are instead floating mesenchymal or blood peripheral stem cells
passing into adipose tissue [Chong, Selvaratnam, Abbas et al. (2012)]. However, there is
no doubt that these cells isolated from adipose tissue, can be potentially useful stem cells
for tissue repairing and disease treatment [Mizuno, Tobita and Uysal (2012)]. ADSCs have
been confirmed having the capability to differentiate to functional SM-like cells; many
smooth muscle cell specific markers were observed upon differentiation [Marra, Brayfield
and Rubin (2011); Rodriguez, Alfonso, Zhang et al. (2006)]. Thus, ADSCs are also
considered as a competitive candidate in repairing vascular tissue.

Vascular smooth muscle cell, as one of the main constituents of the media layer in blood
vessel, is under consistently mechanical loading from changes in blood pressure. As
cellular mechanical behavior is highly associated with tissue level function, it is very
important to investigate and understand the mechanical behavior of VSMCs and VSMC-
like cells before applying them to any tissue level application [Janmey (1998)]. Given the
limited study of mechanical behavior of cells undergoing vascular smooth muscle cell
differentiation, the overall goal of this study was to investigate the differences in cellular
mechanical properties of BMSCs and ADSCs during VSMC differentiation using atomic
force microscopy (AFM) nanoindentation. VSMC-related cell markers were further
visualized by immunofluorescence and the gene expressions were assessed using PCR.
People have suggested that ADSCs can be differentiated to contractile VSMCs induced by
TGF-B1. [Park, Heo, Jeon et al. (2013)] However, while ADSCs have been shown to be
able to differentiate down VSMC lineages, prior studies have shown that it may take longer
to differentiate these cells than cells from bone marrow. ADSCs can take up to 6 weeks to
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express the same level of differentiation markers seen in BMSCs within 7 days of
induction with growth factors. [Rodriguez, Alfonso, Zhang et al. (2006); Narita, Yamawaki,
Kagami et al. (2008)] Our hypothesis was that BMSCs can be more quickly differentiated
to functional SMC-like cells compared to ADSCs with a better mechanical performance
during differentiation. This study will help elucidate the potential of using different sources
of stem cells to differentiate into functional VSMC with certain mechanical strength.

2 Materials and methods
2.1 Cell Culture

For these studies, human bone marrow and adipose derived cells were purchased from
commercial sources. Mesenchymal stromal cells isolated from human red bone marrow
(BMSCs, Thermo Scientific HyClone, SV30110.01) were seeded at 1 x 10 cells/ cm? in
® 35-mm dishes (Fluorodish FD35-100) resuspended in Dulbecco’s modified low glucose
Eagle medium (LG-DMEM, Gibco) supplemented with 20% FBS (Atlanta Biologicals,
Lawrenceville, GA, USA) and 1% 100x penicillin-streptomycin (Fisher Scientific,
Pittsburgh, PA, USA). After cells were adhered to plates (1 day culture in incubator), we
added differentiation media containing 10ng/ml TGF-B1 to induce differentiation towards
VSMC. BMSCs were cultured for 7 days and used for following study at different time
points. Human adipose derived stem cells (ADSCs) isolated from human lipoaspirate
tissue (Thermo Scientific HyClone, SV30102.01) were cultured in @ 35-mm dishes with
1 x 10* cells/ cm? in LG-DMEM (Gibco) supplemented with 10% FBS and 1% 100x
penicillin-streptomycin. Similarly, culture media with 10ng/ml TGF-f1 was added to
induce differentiation after cells adhere to plates. It should be noted that, according to the
manufacturer, the bone marrow stem cell line (Thermo, SV30110.01) was derived from
bone marrow aspirates of a single adult male donor while the adipose stem cell line
(Thermo, SV30102.01) was derived from lipoaspirates pooled from multiple donors. Since
many factors, including substrate stiffness and culture conditions, can affect cell
mechanical properties [Byfield, Reen, Shentu et al. (2009)], the cells were maintained in
standard cell culture condition on tissue culture plastic dish to minimize potential
confounding factors due to culture substrate selection. As a comparison positive control
group, primary VSMCs were isolated from rat aortic tissue using standard methods. The
Young’s modulus of human VSMC has previously been characterized to be in 10-100kPa
which lies within the same range of rat VSMC [Lynn Ray, Leach, Herbert et al. (2001);
Wauyts, Vanhuyse, Langewouters et al. (1995)]. Procedures were approved by the Clemson
University Institutional Animal Use and Care Committee. The cells were cultured for 1
day in LG-DMEM with 10% FBS and 1% 100% penicillin-streptomycin.

2.2 AFM indentation

For AFM indentation, an Asylum Research MFP-3D AFM mounted on an Olympus [X-
81 spinning disc confocal microscope placed on a vibration isolation table was used.
Borosilicate spherical probes (radius=2.5um, Bruker Nano Inc) with a nominal spring
constant of 0.06 N/m were utilized to indent into cells. Cells were kept in 35 mm culture
dishes with growth media throughout the experiment. Prior to loading with the AFM, a
thermal fluctuation test is performed in air to calculate the actual spring constant of the
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cantilever [Butt and Jaschke (1995)]. Single cells were randomly chosen by the optical
microscope with a 20X objective lens while morphologically abnormal and overlapped
cells were excluded. AFM tests were performed on one dish at a time while the rest of
dishes were stored in an incubator until just prior to use. Each test takes less than 30 mins
for one dish. This is similar to the time cells are out of the incubator for other cell culture
maintenance protocols (e.g., media changes, microscopy images). Similar to past studies
using the same system [Deitch, Gao and Dean (2012)], during this time outside the
incubator, the temperature in the can decrease by~5° Cover 30 mins. However, no
noticeable changes in cell behavior and mechanical properties were observed over the 30
mins time the cells were in the AFM. The AFM probe was positioned over the central part
of the cell and was adjusted to avoid the edge of the cell. Each cell was indented 5 times
to a depth of at least 1 um into the cell with a loading rate of 1 um/s in 5um force distance.
At each time point, 10 representative cells from each sample were chosen for evaluation
and their elastic modulus were then analyzed based on at least 50 replicates per sample.
[Figurel].
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Figure 1: Representative AFM indentation consisting both an indent and retract curve.
The contact point was determined by a certain degree of upwards shift while the Hertz
model fit to the data over the indentation curve from 30 nm to a 300 nm indentation depth.

2.3 Indentation curve analysis

The Hertz contact model [Kuznetsova, Starodubtseva, Yegorenkov et al. (2007)] was used
to estimate the elastic modulus values from the indentation curves acquired from the
contact between AFM spherical tip and cell. A MATLAB script was used to determine the
contact point of the force curves by identifying the point at which force shifts upwards
above the baseline noise level [Crick and Yin (2007)]. The modulus was calculated using
the Hertz model fit to the data over the indentation curve from 30 nm to a 300 nm
indentation depth, a range over which the Hertz contact model still remain accurate
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[Dimitriadis, Horkay, Maresca et al. (2002)]. The Hertz contact model is used to simulate
the elastic behavior between a spherical indenter (AFM probe) and an elastic half plane
(cell) [Rico, Roca-Cusachs, Gavara et al. (2005)].

13
R262 (1)

4 E
F=3 (1-v2)
Where F represents the force, E is the elastic modulus of the cell, v is Poisson’s ratio (v=0.5
as the cell cytoplasm is assumed incompressible [Radmacher (2002)]), R is the radius of
indenter, and § is the indentation depth. The Hertz model has two major assumptions:
linear elasticity and infinite sample thickness. These can result in significant errors if the
experiments are far from these approximations. However, by using microsphere tips and
the small indentation depth, the approximations of the Hertz model remain close to major
assumptions and have reasonable accuracy in the calculation of elastic modulus for cells
[Mahafty, Shih, MacKintosh et al. (2000)]. The point-wise calculated elastic modulus was
found to be mostly constant over the 30-300 nm indentation range; this indicates that the
conditions of the Hertz model are fairly well met in this indentation range [Kuznetsova,
Starodubtseva, Yegorenkov et al. (2007)].

2.4 Immunofluorescence

We fixed cells in 24-well plates with 4% Paraformaldehyde (PFA, Sigma-Aldrich) at 37°C
for 10 minutes and rinsed cells with phosphate buffered saline (PBS) two times for 30
minutes. PBS with 0.01 M Glycine and 0.1% Triton-X was placed on the cells for 30
minutes. Cells were then rinsed with 5% BSA/PBS and 1% BSA/PBS followed by
incubation with primary antibodies against SMa-actin (aSMA) (Sigma-Aldrich), calponin
(Abcam) and SM myosin heavy chain (SM-MHC) (Abcam) at 4°C. Fluorescein
isothiocyanate (FITC)-conjugated goat anti-rabbit secondary antibody (Millipore) was
added the following day to detect the localization of anti-calponin antibodies while FITC-
conjugated goat anti-mouse secondary antibody (Millipore) was used to detect the
localization of antiaSMA and anti-SM-MHC antibodies. Images were visualized using a
Nikon Eclipse TE2000-S fluorescence microscope (Nikon USA, Melville, New York,
USA)

2.5 RNA Isolation and RT-PCR

We extracted total RNA using TRIzol (Invitrogen) from cells cultured during different
differentiation time points to investigate if there is any correlation between the expression
of a SMA and cellular mechanical property. The isolated RNA was further purified using
RNeasy Kit (Qiagen, Valencia, CA) according to the instructions of the manufactures.
RNA quantity was assessed using Take 3 micro-volume plates (BioTek) and 1 ug was used
for each reverse-transcription. DNA denaturation was performed in PCR by 3 minutes
heating at 70 while complementary DNA (cDNA) was synthesized using QuantiTect
reverse transcription kit (QiaGen) and equal volume of synthesized cDNA was then added
to a master mix containing specifically designed primers for aSMA and B-actin. Reverse
transcription was conducted consisting 1 hour heating at 44°C followed by a 10 minutes
Rtease inactivation a 92°C. The amplification efficiency of primers was tested first to
ensure the number of PCR cycles for amplification is in a linear range. The primer sequences for
oSMA are designed as 5’- GGTGATGGTGGGAATGGG-3’ and 5’-GCAGGGTGGGATGCTCTT-3’
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to generate a 188 fragment size PCR product [Wang, Yin, Cen et al. (2010)] and the primer
sequences for P-actin are 5°- TGGGTCAGAAGGATTCCTATGT-3° and 5’-
CAGCCTGGATAGCAACGTACA-3' to generate PCR product [Heydarkhan-Hagvall,
Helenius, Johansson et al. (2003)].

2.6 Quantitative Real-Time PCR analysis

For quantitative PCR analysis, the expression of aSMA and B-actin was assessed during
the differentiation of both BMSCs and ADSC. We performed RT-PCR on Rotor-Gene
(RG-3000, Corbett Research) using QuantiTect SYBR Green PCR Kit (QiaGen) to have a
final reaction volume of 25 ml. The expression of aSMA was normalized based on the
transcript level of B-actin to determine the differentiated portion of total amount of stem
cells.

2.7 Statistical analysis

ANOVA with Tukey multi comparison test using SAS software were performed to
determine if there are significant differences among samples during differentiation.
Student’s t-tests were used to examine significant differences between samples on a given
day and across all time points. p value less than 0.05 were considered statistically
significant based on the significant level of 5%. The statistical analysis was conducted on
the elastic modulus of both two stem cells over differentiation.

3 Results

3.1 Elastic modulus of single cell during differentiation

The modulus values obtained from the 1-day cultured VSMCs were consistent with those
from previously published studies of similar in vitro cultured VSMCs [Hemmer, Dean,
Vertegel et al. (2008)]. Generally, the resulting elastic modulus of both BMSCs and
ADSCs gradually increased during differentiation (Figure 2) and both stem cells reach 80%
confluency at day 7. We found a significant increase in the mechanical property of day 3
BMSCs while observing a relatively steady raise in the Young’s modulus of ADSCs over

7 days differentiation. Force curves were then plotted according to each time point during
differentiation (Figure 3). Both BMSCs and ADSCs exhibit an increasing force vs.
indentation trend.
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Figure 3: Averaged force vs. indentation curves of BMSCs and ADSCs. Curves shown in
the figure are averaged at different time points over differentiation (control is undifferentiated
cell at day 0). Generally, BMSCs generate higher force in response to indentation compared
to ADSCs.

3.2 Gene expression of SMC-specific markers

The main objective of this work is to determine whether the expression of specific SMC
markers match the change in mechanical property during differentiation (Figure 4). Early
and late SMC markers including aSMA, calponin and SM-MHC are detected by
fluorescent staining and aSMA is further quantified by real time PCR. We found that for
ADSCs, the expression of specific SMC markers gradually increased during differentiation
while for BMSCs, the increase of the gene expression can be merely observed after three to
five days differentiation. In addition, while all the BMSCs imaged stained positive for
calponin and SM-MHC at day 3, ~25% of the ADSCs showed no discernable staining for
calponin and SM-MHC at day 3 (Figure 4). At day 3, the ADSC cells did not seem as
uniform as the BMSC cells; while many of the cells showed positive staining, there were
some clusters of cells which showed no staining of calponin or SM-MHC. By day 7, all
the cells imaged showed some positive staining for both markers. We found a baseline
expression of aSMA in both undifferentiated stem cells. The expression of aSMA has a
significant increase at day 3 for both stem cell types. Although the relative gene expression
of aSMA for ADSCs is slightly higher than that of the BMSCs, the quantity of aSMA in
terms of RNA level for ADSCs is still much lower than BMSCs based on the absolute
number of their PCR cycles, which might be the reason why ADSCs exhibit lower elastic
modulus than BMSCs (Figure 5). In addition, it should be noted that while both the
BMSCs and the ADSCs showed positive staining for aSMA with immunofluorescence,
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the BMSCs had more elongated morphologies (Figure 5) than the ADSCs at day 7.

A
Calponin
SM-MHC
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B
Calponin
o . . .

Day 1 Day 3 Day 5 Day 7

Figure 4: The immunofluorescence staining of SMC-specific marker calponin and SM-
MHC over 7 days differentiation from (A) BMSCs and (B) ADSCs. Nucleus were stained
with DAPI while antibodies against calponin and SM-MHC were used for immunostaining
(scale bar=50 pum). Note that some of the ADSC cells in the day 3 images do not show

calponin staining.
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Figure 5: Immunofluorescence staining of aSMA at day 7 for BMSCs (left) and ADSCs
(right). Nucleus were stained with DAPI (blue) and an antibody against aSMA was used
for immunostaining (scale bar=100m). The graph shows the expression of tSMA normalized
to control gene B-action during SMC differentiation for 7 days using real-time PCR
(*Significant difference between two groups (p<0.05)).

4 Discussion

One of the major challenges in the development of cell therapy for vascular disease is to
validate a reliable cell source in order to translate the progress from cell study to clinical
application. Since mature SMCs cultured in vitro can easily lose their ability to proliferate
and contract if used as seeded cells for blood vessel construction [Lagna, Ku, Nguyen et
al. (2007)]. Recent research has been focused on exploring alternative cell source which
can be served as donor for cardiovascular cells. It has been shown that BMSCs have the
ability to differentiate into cells characteristic of blood vessels [Kashiwakura, Katoh,
Tamayose et al. (2003); Minguell, Erices and Conget (2001)] and are believed to help
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stabilize vascular structure when co-cultured with other type of cells [Sorrell, Baber and
Caplan (2009)]. On the other hand, ADSCs have been shown to be capable of
differentiating into smooth muscle like cells expressing both early and late SMC markers
[Wang, Yin, Cen et al. (2010)] and are believed to improve vasculogenesis for cell therapy
in adult [Miranville et al. (2004)]. Thus, in our study, we analyzed the progression of the
mechanical properties of these two types of stem cells during differentiation towards a
vascular smooth muscle cell lineage. This data can help to determine the cells suitability
as a source for vascular smooth muscle repair.

The mechanical behavior of vascular smooth muscle cell not only suggests its ability to
contract and relax but also indicates tissue level function. However, limited research has
been done to analyze the mechanical property change during vascular smooth muscle cell
differentiation, let alone any comparison between different stem cell sources. In the present
study, we investigated if the process of vascular smooth muscle cell differentiation varies
given different sources of stem cells. The result shows the mechanical property of
differentiating stem cells changes significantly depending on the cell source. The Hertz
model was utilized in our study to evaluate cell’s elastic modulus. Although Hertz model
makes several simplifying assumptions, it can still provide good qualitatively comparison
of the elastic modulus between different cells during differentiation. Previous research
shows the result of cell’s modulus remains reasonable if the indentation depth used in
Hertz fit is small before significant non-linearity occurs with the increase of indentation
depth [Chizhik, Huang, Gorbunov et al. (1998)].

In our current study, a significant increase in elastic modulus was observed from day 3
BMSCs during differentiation. In the following days, the value reaches its peak at day 7
which is very close to the elastic modulus of vascular smooth muscle cell in control group
(Figure 2). Cells in both groups reached 80% confluency at day 7. Since cells are known
to stiffen when in confluent cultures [Efremov, Dokrunova, Bagrov et al. (2013)], it is not
clear whether any additional increases in modulus that can be observed after day 7 are due
to the cells differentiating further or from the additional cell-cell contacts that occur in
very confluent cell cultures. Compared to BMSCs, the overall elastic modulus of ADSCs
was much lower and underwent a smoother increase during differentiation. As has
previously been established [Han and Liu et al. (2010)], there is a high similarity between
the expression of certain genes in BMSCs and smooth muscle cells; therefore, we are not
surprised to discover that BMSCs eventually have the similar elastic modulus as in vitro
I-day cultured vascular smooth muscle cell after differentiation. However, the
differentiation potential of BMSCs into different vascular lineages is still not fully
understood [Ramkisoensing, Pijnappels, Askar et al. (2011)]. Due to the variable nature
and incomplete characterization of isolated mesenchymal stem cell, both the culture
condition and isolation method are highly variable [Roobrouck, Ulloa-Montoya and
Verfaillie (2008)]. In our research, we found that BMSCs from a commercial source have
the potential to differentiate into smooth muscle-like cells with mechanical properties
similar to native VSMCs, which is crucial in clinical use. However, our current
experiments are not sufficient to characterize the whole mechanical behavior of cells and
thus further investigation is required to determine if the differentiated stem cells are
functional given a physiological loading condition. Considering the difficulty in obtaining



164 Copyright © 2017 Tech Science Press MCB, vol.14, no.3, pp.153-169, 2017

large number of mesenchymal stem cells from bone marrow for clinical use, ADSCs
provide an attractive alternative cell source, as they can be harvested in relatively large
quantities with minimal morbidity. While the elastic modulus of ADSCs increased more
slowly over time during differentiation compared to BMSCs, the results show ADSC:s still
have the potential to gradually acquire higher elastic modulus during differentiation
induced by TGF-beta 1. Thus, these cells could be a promising cell source for tissue repair.
However, further study is required to determine if the elastic modulus of ADSCs can get
even closer to natural vascular smooth muscle cell if given different conditions including
the combination of growth factor, co-culture with different cells, and cyclic mechanical
loading.

To further establish that cells differentiated are functional smooth muscle cell, the expression
of SMC-specific markers were examined by PCR and fluorescent staining. Fluorescent
microscopic images of FITC-labeled aSMA reveals that cells differentiated from both
stem cell sources have a baseline level of aSMA with minor but constant increase over
differentiation. After 7 days culture, most cells appear to be elongated with highly
expressed aSMA throughout the cells (Figure 5). Previous research on suggests that aSMA
levels in the cells is correlated to higher cellular contractility in differentiating cells.
[Hemmer, Dean, Vertegel et al. (2008); Kinner, Zaleskas and Spector (2002)] In addition,
VSMC in contractile phenotypes that express increased levels of aSMA are stiffer than
synthetic VSMCs with less aSMA. [Hemmer, Dean, Vertegel et al. (2008); Kinner,
Zaleskas and Spector (2002)] We believe that the increase of aSMA along with
morphological and adhesive alterations, result in the change of elastic modulus measured
in our AFM experiments. Our work shows that there is a correlation between the level of
aSMA in the cell and the cellular mechanical properties. The gene expression of aSMA
was analyzed by PCR. Consistent with fluorescent staining, aSMA has a baseline
expression for both undifferentiated BMSCs and ADSCs along with the increase in
baseline expression over differentiation. It is interesting to note that while ADSCs had
slight but statistically significant higher expression of aSMA at day 7, they had lower
elastic moduli than the BMSCs. In the fluorescence immunostaining images, while both
cell types showed clear positive staining for asSMA and spindle like morphologies, BMSCs
did appear to have more elongated “contractile-like” morphologies than the ADSCs
(Figure 5). It may be that the BMSCs at day 7 had more organized (and thus stiffer
[Hemmer, Dean, Vertegel et al. (2008)]) cytoskeletal arrangements than the ADSCs at the
same time points.

However, the expression of aSMA alone does not definitely suggest the cells are fully
differentiated, other groups have found that the mid-differentiation marker calponin and
late stage differentiation marker SM-MHC may have more SMC lineage correlativity than
SMA [Lee, Hungerford, Little et al. (1997)]. In our study, both of the two markers were
found to be significantly enhanced after 7 days culture compared to the merely detection
at day 1 culture. There is also an increase in the levels of both markers over time during
differentiation which correlates with the change in elastic modulus. All the results suggest
that when induced by TGF-beta 1, both of the two stem cell types differentiate down a
SMC lineage while acquiring basic SMC functionality reflected by the increase of elastic
modulus. Although TGF-beta 1 activation is not completely understood [Abe, Harpel,
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Metz et al. (1994)], it has been well documented to be responsible for the induction of
mural cell (pericytes or smooth muscle cell) differentiation which are crucial in modulating
blood flow and vasculogensis.

Functional VSMC plays an important role in blood circulation by contracting and relaxing.
Previous studies showed that there is a difference in the mechanical properties of vascular
smooth muscle cells as they shift between synthetic/proliferative and contractile/quiescent
phenotypes VSMC [Hemmer, Dean, Vertegel et al. (2008); Matsumoto, Sato and
Yamamoto et al. (2000); Miyazaki, Hasegawa and Hayashi (2002)]. While cells are
naturally viscoelastic, the elastic property measured previously still provides some insight
into the mechanical property of VSMC. In our study, we utilized AFM to analyze the
mechanical properties of live cells undergoing differentiation down a smooth muscle cell
lineage. Based on that, we demonstrate both stem cells used in our study stiffen when
differentiating down VSMC lineages as induced by TGF-beta 1. This change in mechanical
properties is also correlated to the change in aSMA expression. Taken together, these
results help to analyze the functionality of differentiated cells that may have potential use
in clinical application. In addition, while it is possible to assess individual cell mechanical
properties in 2D cultures, it will be very difficult to do so when the cells are cultured inside
3D matrices for potential tissue engineering or regenerative medicine applications. The
results from this study, which show the correlation between SMA expression and cellular
mechanical properties, could help researchers to assess, at least qualitatively, the mechanical
properties of differentiating cells in setups where direct cell probing cannot be performed.

5 Conclusion

In vitro 7-day culture of BMSCs induced by TGF-beta 1 exhibit greater elastic modulus
than ADSCs. We also found that BMSCs can acquire the mechanical property close to
VSMC cultured in vitro. This result indicates BMSCs may be a better candidate in differentiating
to functional VSMC in terms of mechanical strength. However, further research is required to
determine if the differentiation can be affected by environmental change including cyclic
loading and combination of growth factor. Optimization of such differentiation can have
potential use in clinical application in future.
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